
—

. .

. .

I



>.
-?,

z-.. “--.

z-.

-z-.
-x

n“
m_

?5z

is-.

-.

..>

.,-.
w

—
c%
n

.-



1]1 rcccn( Cil IX)’1’All,  s(udics, Yamamo(o d al. [ 1994 I find that tl]c typical 11, dircctim in the

plaslnashccl is nOrlhward  CVCH at dist:inccs  lmyOJId -1 5(1 ItC. Although the avcrap>c 11,

bmwmcs slmll,  it dms  1)0[ macll a ncgalivc  value ill tlm mcridiatl (al)cmtcd  Y = O) plane.

‘l’lIcy cwlcludc  tha[ their rcsu]ts arc incm)sislcnt wil h a curvd ncu(lal lillc as pmpmcd  by

Slavil] d al I 1985j. l;lll[l]c.jlll{)lc,  the Ol>scrvatiOns  strew a larg,c flaring mglc  Of magadic

field lims itI the ecliptic p]afm. “1’hc au(hms have s(l~gcstcd  tliat  (Im field ]incs in the tail

should Collllcct at kasl J)arlially w i t h  t h o s e  ill tllc IIl:lgllc[osllc:llll  :Icl’oss (k magllctopallsc

I Yamalmto  C[ al,, . .19941 A viscous n~dcl  [Ilcikkilit,  1988], and lMl~  pcmc.tration mdc]s

lNishida  c.[ al., 1 994; 1 .yol)s cl al., 1994 I bavc. alsO been used tO cxplaia [hc rcccI)(

(;1 K)’1’All, obscrva[im]s.

la a rcccnt s(udy,  110 d al. [ 1994 am] 1 995] idcultif’icd 66 slOw-nmlc shds ia lhc distant

gcmnagndic  tail using lSlili-3  magncfic field and pl~tsma data. }10 d al. [ 1 994] shred an

cxalnp]c  Of a plasma flmv rcvcmal ad a }]z reversal associa[cd  wi[ll a pair Of slmv-mdc

Sb(ds al - -220 I{C. ‘1’hcsc sigl]at  urcs arc str(nlg cvid(:ncc Of distal II magndic  rccmacc.lim.

“J’hc CVCWI  mcurrcd during nm(hward  lM,l~  wihut (mmlrrcnt  substmns  (Al 1<100  n’]’).
/ “

III this paper, wc will assume the l’ctchck  ncu[ral  liilc mode] to examine its applicability

Iow:irds tail obscrvdioas  darit]g both subs(m In illtcr~’als  and quid (ilncs. Wc wj]] conslruc[

a mmlcl for rccmacction  dut itlg t]mlhwml  IMl;s. Wc will study lhc pmpcrlics  of the.

magndic  field IIz, mmpm~cnt w)d plasma flOws fm ill] 66 slOw-llmdc  s]mck events. ‘1’wO

mclhds  (sl Ow-mOdc  sbmk  micntalims  and dmmslrcam  1 IZ’) wit] bc used 10 idcwtify the

lmalim Of tbc spamcrafl  rc]at ivc [0 the Hculfal  liac fm cad] cvcll(,  ‘1 ‘I]c plasma flOw speeds

m} citbcr side d lbc neutral line will bc examined slatistica]ly.  llrc will alsO examine the

IMli Orimtatim dcpcndcmc  of slmv-mmlc slimk mx’ummcc ill (1K dis[nnl tail. ] ‘Ins]] y, WC.

will pqmsc.  a ncw nmlcl  which incqmra(cs  lhc present and ]HM ObscnwtiOns.

ln [his study all d (k slOw-nmdc slmck cvc]lts fmm tbc t wO distal]t tail pmscs Of 1S1 i] 1-3

arc. usc.d Il]o d al., 19951. ‘1’his interval of time is from Jarluary  lo July of 1983, where

lSlil~-3  was bctwccn X : -190 and -240 I{C. ‘1’hc }nagnciic  field mcasurc]ncJ)ts  were

obt aincd by the. .lct l)rqmlsim  1 ,abmatmy nm~t]ctomctcl I 1 ‘ran dsci] d al., 1 978]. “1’hc

plaslna d}sc.rvations  prc.sc.ntc.d bcrc were obttiincd I)y IIIC 1,0s Ala]l]os clcc[roa  analyzer

[ ]Iamc et ti]., ] 9-)81. ‘]’w(~-(lililcllsi(~llal  c]ccll’m dat:l (no proton  dala arc :ivailablc)  arc

nmasurcd in (k Sp:icccr:ifi spill plain, wbicl  is nc.arly  cOitlcidc.nt  will] tlic ecliptic plain. “1’0
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hidcnlify  slmv-mdc  slink’ app] ying cq~ltia:irit y [hc(mm  ald lhlkinc-1 lugoniot  rcla[ ions),

wc. usc 30 s average.s for both of tk ]mi:,llctic  fi{’ld aIld jJlasIIla  data. ‘1’0 mc.asurc tl)c

(plasma flow spud, VX, and the magndic  fkld,  I]Y, ill the plasmakd  downstream of slow

shoc~, wc usc five minute avcragi~pf  these. data. ‘1’lIc  clccl  I on da~a iacludc tk dmsity, NC,
A

[Cmpc’l”atllrc,  7’~), and the two-(li]]]c]lsio]lal”  plasma flOw vcl Ocify, V (\~l, Vy). “1’hc ~iS13,~j

cmrdinatc  systcm has ~ ]mintia~ tOward IIIc. sun, Y is 1> x i/li2 X ~1, where fl is the’j
.

nOr{ll ecliptic pOlc,  ad Z cx)tnp]ctcs a ri:,llt-haml syslcm. WC usc five minute avcragd

r.
magmlic  field da[a (in .ISMj ::bservcd by lM1)-8 tO identify upstlcam  lh41 i mic.nta[icm.  “

,, // ‘“ .,) >, /’{.
6

Wc have used a five-s{cp crilcri$’k  identify  SlmV-IIj~~Cj  slmcks (Ibis is dcscribcd  in mk
. /[/~, (

detail in 110 c1 al. [ 1994”], mi wc rc.fcr IIIC reader 10 ths al iiclc). ‘J’~liS Crilcqfls sil~lil~l  to

the mctld used by 1 ‘cldman et al. [ 1987] in lhc.il study. SlOw- ]mdc  slmck nOmmls arc

dctcrminc(l  using [k assumpl  i On Of magact ic mplmarity. 1 hr each case, we have used

bdh plasma and magnetic fktd  clata  and the Rankillc-1 IugOniOt rclal iOns [0 ensure  that the

slOw-InOdc  slmck comtilions  are inked  satisfied.

1<1 isul .’1’s

III this sludy, wc assume that all slOw-mOdc  shOcks  rcslll[  fmm l)c[chc.k’s  t y p e .

rccOnncctiOn.  llascd  otI this ]Jicturc wc halw employed two mcllIods 10 locate the ncu(ral

line ]mitim rcla[ivc tO the spacecraft. I’hcy arc the slOw-mOdc  slm.k micntatims  (mcttml

A) and magnetic IIz, po]ari( y downstream of the slow shock (mt’thml 11). 1 k)r a standard

l’ctchck’s  pictarc,  both mcthds  shmld identify lt~c same CVCHIS.  A slmv shock  with

negative IIy in its dOwnslrcanl plasmashcc(  stmuld lulvc a tailward Oricntatiml  relative tO the
. d

nculral line, and vice. versa. 1 ‘m qsht ist Ic,.purpd
A

we have divided all 66 cvcats int O twO

groups, dc.pending 011 whclhcr tl]c slow shock (i.e., the spacccmfl) is lm.atd catthwml  or

tailwad  of ttlc ncu(ral line. Ncxl, the Jllasma ftmv vdmity in (hc pl.asmashcct  dOwnstrcam

Of lhc slmv shd fm the events cm lmth sides Of the neutral line al c rccmdc(i.

1 ‘igurc 1 gives the plasma flOw speed dis(ributiwls bdh carlhwad  and tail ward Of the

nc.utral line msumiag the A mcthd. 1 dg,urc 1 a shin’s the VX dis(ribut  ion for the 27 cvemts

which arc cmlhward Of the nculrd  line. Plasma ftOw speeds fOr the.sc events  J)cak it] the

range Of -500 tO -600 knl/s. “1’hc dhcr 39 events idctltificd  to bc tailward  Of the neutral line

arc shOwn in liigurc 1 b. ‘J’hc speeds fOr these cvcllts peak t>ctvfcct}  -600 and -700 knds.

199~!], the Incan and median plasma flOwlixc.luding  twO Jmsi[ive VX v a l u e s  [}10 et al,,

speed VX are -550 knds  and -520 knds, rc.spcctivcty. 1 W CVCJIIS tail wad of the nculral Jinc,

).(
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[k mean and median speeds are -691 km/s and -6’/() km/s, rcspcctivc]y.  ‘1’bus,  the. mfxm

tind mdian  VX values for cvc.nts  tailwad  of Ihc ]Iculral ~illc  arc l]i~hcr  tlMTl for events

c.:irtl~ward  of Ibc Dcmtral  liac by
)

--150 km/s. If wc il)cludc!,h%}  c:irll]ward flOw cvcats, this

diffcrmcc  in tbc flow speeds for two siks of cvcmts will bccomc Inach la&/-:

/Using mdhod  11 to idcn[ify tl)e$lalivc\loc:ltiOll 10 tlm x-litlc, \t’c divide the 66 slow shock

c.vcilts into callhward and tailward  events, ‘1’his is shown it] l;if’,alr ‘?a and b. WC find that

there arc 28 cvcnls  having  positive IIz, (nmlbward)  mar the slow shock. This implies that

lhc Spaccmtf(  is callhward of’ tbc ncu[ral lillc bascxi  on Ihc l’elchck’s model. “1’hc olber  38

cvcats  should k located tailward of ncullal line. la ]iigurcs  2a at)d 2b, wc also find a

vc.lmity shift of -- ] O() km for plasma flows I)ciwccll tai] wm] am] car(bward  CVCJIK,  ‘J’bcir

lncan and median value for events tailward  am] cmlhwd Of (I]c nc.ulral  line arc also shown

in the p]ds. The negative 117 events have latp,cr tailward plasma flow speed lbaa posi(ivc 132

cvcnis.  “Jihc diffcrcm.c is aboul -100--150 kin/s.

‘J’bc two mdbods,  A ald 11, agree 68% of the time:  as to ttm localion  of tbc spamcrafl

rclat ivc to lhc nculral  lil]c. ‘1’lw oihcr  32% of tbc cvotts whicl] do 110( agree may bavc wave.

per turbat ions  upslrcaln  and dOwnslrcaln of tllc, slOw shock causing  errors in tbcir

oricnta(ions. lk)r cxamp]c,  all crrcw ill tbc. normal  ll)agnctic  fir]d of ().3 n“]’ may cause a

:42.5° uncertainty in tbc. shock orientation. Also tm:aasc  of tbc fact that tbc slow-mode

slmck IK)Hnals arc  often close to 90(’ (near tbe Z dirccli Oil), a slnal] crrOr it] angle may cause

a shift from onc side of tbc ncatral  line to tllc dhcr.  On tbc other hand, turbulence in [hc

plmmashcct may :iffcd lhc accuracy of By, ll]c:is~liclll(:l)ls  in dctcrn  lining  tk location of the

neutral line. “1’ai] flapping ad/or  1 wist illg may also al’feet tbc mca~urcmcnts  of 117 to some

Cxtcnl.

];igarc 3 shows p]asmaskt flow speed VX vs. []K neat-car[]l sLI{)sloI’m  Al\ index, ]n ]mnc]

3a, WC scpatatc the plasmashcc(  magnetic field R, IIorlbward ]mlaritics  (Irianglcs) fmm

southward polarit  ics (solid diamonds). A 30 min la~ for tlw Al ~ ildcx  rcl:itivc  tO tlm VX

measure.mcnts is assume.d (ot bcJ’ ]ags bavc been used wi lb lbc sal llc g,cncrfi] rcsu ] 1s). Wc

find that half of cvcnls (33 of 66 slow shock cvclIls occur (ILI]  inp, Inodcralc or high

\\
‘ I/id

geomagnetic activity  intervals (Ali >250  nrJ’). ]Iowcv(’i wo car(hwafd plasma flow events
k

(+ VX) occur daring nol”lbwar(t ]hfl}i and magtlctic  qaict  II)[CJ  va]s. ‘J’l]crc iS a Weak p]asma

flow speed dcpcndcncc.  on Al i, indicated by a ]incal regression ]i lK, ‘1’hc tai]warcl speed

incmascs  with increasing, All iactcx fmm VX = -500” kl)ds at Al;:- () 11’J’,  to VX D -1003 ktds

at Al i = J 400” nl’. ‘J’hc lcas[-sqaarc-fit  is wi(h VX = -0.4 All -500.
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I’hc lal’gcsl  plasmasbcd  Vx C.veals (> 800 Jml/s)  al”c almost all (1 1 of I 2 Cvcm)  associatc(l

with negative plasmasbcd  l~Y, pdaritics.  Of six events  which ocmr  during the largest Ali (>

800 11’1’),  five cvcllts  bavc ncg,ative 117,, and tbrc.c c.\cnts  arc associated  with high speed

tailward  propagating plasmoids.  Because wc almosl  always dclccl slow-mode shocks on

the tailward  side of [be nculral  line during tllc subslmm intervals, Ibis suggests that lbc

]l]:KIHOid may be Creating a dislatlt llcu[l’al  ]il)C. dill’inp its tai]wafd ]msage. we will discuss

this la(cr.

in panel 3b the events  arc separated by upstream IMl ~ oricatatiolls  (based on IMP-8 S-rein

‘l’-avcrage  observations). lJt]for[una[cly,  3(J cvc.n[s have no IMl; data available, so tbat~c  ~t~

Lbase is slna]l. 1 ‘or tbc rcmaini]lg  36 cases, 2? events  arc. associatd  with soulhwad  I‘s

(solid diamonds), and 14 bavc nmlhwad  INfll’s (triangles). }’01 Ibc 14 northward IM1’

cases, on avmigc,  All is - 137 nT and plasmasbe.c(  flow spd VA is --429 knds. 1 kw the

sou(l]waKl  IMl; cases, tbc average  Al i is 344 nl’, and VX is -636 kink. ‘J’bc results of panel

3b show that tbcrc ~~~’~ significant number of ctis[ant  tai I slo~v-]node shocks that arc

associated wi[h norlbwad  IMl ( orientations (40%) and arc t)ot associated with near-car[b
‘~~’c]~]~,l,.,,,  Ct al., 1985;  }10 et al.,subs[orlns  (low Al {). ‘Ibis feature bm bccI] noted prc~ious
A

19941, but tbcrc bas been no model to explain tbcsc  observations. We will discuss a model

ill ibC IICX[ SCCtiOll Of (bi S JMJ)C].

IIIS(WSSION

]3ascd  m our present rcsuJts, wc have obtained a g,cmvwl  J~ic[urc of magnetic rcccmncc(ion

ill tbc distant gcomagnclic  tail. We find [bat 43% of the events (28 of 66 events) have

norlllw:ird  (posi[ivc.)  117, in tbc plasmasbcct  downstr(..am  of slow shocks, while tbc otbc.r

57% of events have soutbwml  (negative.) 117. ‘1’bus, n{ulbward  atl(i southward mignctic  137,

occummcc, is ncarJ y c(Jual at x = -200 RC duling sloil’-modc shock in[crvals.  ‘]’bc average

tail wad flow speed for events cwlhward  of Ibc nc:utral  1 inc. is 10WCJ I ban fm events

tailwd of tbc nc.utral  line by 1 (N - 150 knds. “1’bis  l~iclircclional  jctliflg is superposed on
/“; “i): 44 ‘1’. L’i’l ~

.K#@f a -600 knds tailward  s(cady stream. ~’Jlcrc is a significalli  .ainouat  (-40%) of slow

shocks which occur during  nor[bwad  IMi /s.

We suggesl  1 wo different models to cxJ]lain  the JJlasll  Ia@ccl field 117 component and flow

vc]ocity  observations in tbc distant tail. One Inoctc] is associakd  with southward IMlis and

the other wit]] nm[bwarct  IMl k.

6



Sou!hw:!fd IMl ‘s: We adopt a nc.ar-car(h  ncu(ral line. model (similar 10 that proposed by

(;owlcy  I 1984] and Richardson cl al. [ 1 989]) to explain the cvcwts tlwl occur during strong

subs[orms.  I’his is shown in l(if,urc 4a. IIcforc {hc substonn,  a distant  ncatral  line. cxis[s

{
[. <,7. & ,,

bclwcca  -150 aad -200” l{C.l~y  mlh sJ& of lhc. ncutml linC,h the plasnmhccl  has opposite

1] ~, ]~ol:lli[ici~Aflcl  substmm  onset, a closed-field plasmoid is f“ormcd from near-earth

rccm)ncctioa and is c:jcctcd  towards the anli-solar direction. ‘1 ‘k disttint  nculriil line which is

at the tailward  bouadary of the plasmoid  propagates with it at a s])ccd of - -800 knds. On

the Iailward  side of the nculral  line there is a Ilcgativc  137 find hif$  speed tailward  flow,

while on the carlhward  side, flows with a s]xml  < MN km/s and Imsitivc  132, arc cxpcctcd.

Aficr the substorm  cIKls, the distml tail will rctun] to the pK:-sulK{tm~  state (distaal  neutral

line sta[c). ~
?)

/,”
,/

NglXlwMd  IM!3: la o ‘dL to cxp]aia the significant occurrence. of slow shocks with

/negative 117, in the di ant tail during  northward IMl ‘s, wc Jmposc  a coJ~vccte.d ncutml  ]iae
/

model in 1 ;igurc  4@lJmicr nmlhward IMl J conditio}ls, magnetic rrcollacc{ioa taks place at /“

the  daysidc  cLIsp region (poil~t 1). I’his is similar to that of the n~odc] of Nishida  ct al. ‘” !\k@
[ ] 994]. lnsidc the tail, the field lines cross both )obcs aud plasmashcct wi~h their cn~s i,,\,)J ‘q ‘ /4

connecting to i}]lcrpla})ctary  s]mcc (point 2). Rccausc  the mnvccliwl  speed (-WI km/s) in
\

l~L4° ~t:f’
&q’!

thC ])]2NJl121ShCCt  is larger than iJl iatcrplanctary  S]XICC (-400” (() -soo”  kill/S), the field lines

)

,.
~JjJI:,

withit~  the plasmashcct  arc coJIvcctcd  in lIIC anti-solar dilcctiml fa~tcr than ill interplanetary..
~A\,f.

@“
space. Uadcr certain comiition, the fic]d lilms insid{~ the plasmasltcct  cvcatually  kink (point

3). 1 ;ar[hcr down the tail, a distant ncLItml  1 inc is formed with a Illafymtic flux loop tail ward

of the neutral line (point 4).

]n this nmlhward IMl; nmdc], norlhward @itivl>) p]ast naskwt  I\z, fic]d components and

tailward  VX plasm flows domintitc  the distanl  tail plasmashcct. “1’here arc some southward

(negative) 1]2, regions tailward  of the neutral line (near point 4, iasidc the magnetic 100]3),

but this is present for ml y a small fraction of the p]asmashcct.  “1 ‘Ilc. plasma ~ctting carlhward

of the neutral line will typically bc. ovcrcomc by a stroagcr  tailward ccmvcction  speed (-

6OO km/s).  ‘J’hus wc scc a diffcrcncc in lhc locations bctwml VX and 13,, reversals and also

the diffcrcncc in the flow speeds bctwccll the events t ail ward and car{hward  oft hc neutral

] iac as shown  in this paper. Based on this nort]lwald  lMI: J nodcl, wc expect primari] y

northward ]~z. OCCUJU’CJ]CC in the (iistant tai]. S]avtn et a]. [ ] 9851 and }]cikki]a [ ]988]  have

found that duriag  rc]ativc]y  low Al;, the p]asm~$l]cct  fields arc mainly northward. Ibis is in

tlglCCINCJ)t  Wilh oLIJ’ lllodc]. ]11 adc]itio}i, ouJ mode] for nm il~ward lMI; predicts a low



. . . .

cfficicnt rate of solar wild  energy transfer to the IIIaj’,Ilc(c)sj)  lIcIc. ‘I ‘tic plasma is ]3J’il)12ili]y

convcc(cd  downtail  in Ibis nmdc.1. ‘J’his  mull is in aII,recmcIIt will]  IIm mulls of’ a rcccnt

StLldy  by Tsurutani ad Gonnlcz [ ] 995].

rcscmh  cmductcd  at the .lc:t l’repulsion 1 Amatory, Cklifomia

was performed under coIItI act 10 the N:\tio]lal Aeronautics and

I\: C(”. / J d<]~’,<.:j  ‘\ ,.’><.  i!.”< ,, <:); ‘ <’b’  L. ~
,-
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]Ggurc 1. IJislributions  of plasma flow speeds clownslrcam slow shocks. IIasc(i on the

slow-lnode shock orientation, 66 shock  events arc divjdcd  into two categoric.s: carlhward

oft hc ncu[tal line (a) and tailwarcl  of the neutral line (b). 1 hlbwal  cl events have low plasma

flow speed VX, while Iailward events  have large tailw’ard sped.

IJigure 2. IJ;str;butions  of plasma flow speeds downstream of slow shocks, but are

classified by downstream magnetic IIy,. l)osi[ive  117 (a) should bc c:illhward of the nc.utra]

line, while negative 117, is tail ward of the neutral line. ‘lkrc is a diffcrcnm of -100 km/sin

the tailward plasma flow speed VX between the two distributions.

]:igurc 3. Substorm  (icpcndcnce  of plasma flow speed VX iI] the distant p]asmas}lcct.  IIata

is separated by downstream IIz polarity in the distant plasmashcet (a) and by upstream

interplanetary magnetic field orientation (b). ‘1’hc bcs( fitting, equation and corrcla[ion

coefficient arc shown.

IJjgure 4. Tail ward convected distant neutral line n mdc]s in a lloo]l-~~~i(lr)igllt”  plane. (a)

IIuring southward IMl 7 and magnetic sLIbsIorm t imcs, a tail watd propagating plasmoic]

rclcasc{i from the near-catlh rcconncclion will push the distant ncutra] line clowntai]  at a

speed -800 km/s. (b) lhring norihward lMli allcl n]agnctic  quiet times, a distant  neutral

line will bc convcc[ed  tai]ward at a speed of -600 kmfs.
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IlistribL]t ims of DownstrcmI l’lasma 1 jlow Velocities
in the Dis(ant Plasmashcct  Associatul with Slow-mode Shocks
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lljsl~jbutim  of’ DOwnstl+e~nl  Tangcntjal  Plasma VclOcity
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